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AN INVESTIGATION OF SQUEEZE-CAST ALLOY 718
INTRODUCTION
Alloy 718 castings are used extensively as primary structural components in jet and rocket
engines; however, their mechanical properties are lower than the wrought alloy. Innovative casting
methods are desired which provide increased mechanical properties over those currently available. The
squeeze-casting process appears to have potential to obtain mechanical properties (Ftu, Fty, percent E)
approaching those of alloy 718 wrought products at reduced cost. If so, squeeze-cast components pro-
duced to near net shape can potentially be used as replacements for advanced propulsion system hard-
ware that is normally produced by conventional forging processes.
The space shuttle main engine (SSME) has many structural components made from alloy 718
ring forgings less than 10 inches in outer diameter. The forgings are produced per MIL-F-7190, grade C.
They go through an expensive manufacturing cycle to produce finished parts which are used in the
SSME low- and high-pressure liquid oxygen (lox) and fuel pumps. Machining costs to produce finished
components from ring forgings can represent 80 percent of the total part cost. Near net-shaped, squeeze-
cast components are potential low-cost alternatives to ring-forged components in this size range, for use
in next-generation propulsion engines. More near net-shaped components may be produced which can
substantially reduce overall finished-component manufacturing times and costs.
Squeeze casting is the term used to describe the pressworking of liquid metal into finished
shapes. 12 Metal is poured into a preheated die cavity which is located on the bed of a hydraulic press.
The press closes the die and pressurizes the solidifying metal until solidification is complete. The casting
is then ejected from the cavity.
Solidification occurs under pressures up to 60 ksi, which is several orders of magnitude greater
than the melt pressure developed in conventional casting practice. Such high pressure levels decrease
porosity, keep entrapped gases in solution, and promote contact between the mold and the casting for
rapid and more efficient heat extraction. In general, squeeze casting produces a rapidly solidified, pore-
free, fine-grained microstructure resulting in mechanical properties that fall midway between conven-
tional casting and wrought products. 1 2
Squeeze-cast parts do not require runners or gates, and the parts can be made to near net shape
with a minimum of materials and near optimum energy utilization. The need for less starting material,
lower equipment cost, and minimal machining to configuration contribute to the lower costs of squeeze
casting relative to forging. In comparison to conventional castings, any cost increase due to the need for
a press is usually more than compensated for by improved material yield (e.g., reduced part rejection and
the efficient use of metal) and, more importantly, the higher rate of production made possible by rapid
solidification in squeeze casting. This process lends itself to automation, and therefore has excellent
potential for producing components with consistently good quality at high production rates.
A preliminaryprogramwasconductedattheNASA MarshallSpaceFlight Centerwithin the
MaterialsandProcessesLaboratoryto determinethefeasibilityof squeezecastingsuperalloys.Thecur-
rent investigationevaluatedalloy 718ring castingsof largecross-sectionalareaproducedby the
squeeze-castprocess.
EXPERIMENTAL PROCEDURES
Alloy 718 ring castings were produced in series for this study. The primary processing parame-
ters that varied were pressure level and duration, with test billets processed at pressures from 42 to 60
ksi for 5 to 90 s. Macrostructural and microstructural characteristics were evaluated, as were mechanical
properties.
Materials
This study used alloy 718 produced to conform to AMS 5662E by Inco Alloys International,
Inc., under heat number HT3323EY. Composition limits by weight are shown in table 1.
Processing
Ten squeeze castings were made for this study, each approximately 3.0 inches in height with a
2.90-inch inner diameter and a 7.10-inch outer diameter. The squeeze casting billets were produced at
the Illinois Institute of Technology Research Institute (nTRI) Surface Engineering Center, Chicago, IL,
on a 1,000-ton hydraulic press (fig. 1).
The press was interfaced with a die system used for squeeze casting of the alloy 718 billets.
Primary die components for the die system included a punch retaining plate, a punch, a die, a center
core, an ejection plate, an ejection shaft, a die spacer plate, and a die stand. Die system components and
component materials are listed in figure 2. A conventional die material (IN 100) was used for the die,
punch, and ejection plate. Graphite was used for the center core.
The die was protected by a reaction barrier coating. The coating was a yttrium-oxide (Y2-O3)
base ultra-high temperature refractory paint, spray coated onto the die interior surfaces prior to each pour
to enhance die life.
The alloy 718 material was melted in an A12-O 3 crucible in a 100-1b induction melting furnace. A
lid was placed over the top of the crucible, and an argon gas purge was used as a shield during molting.
Melt temperatures were measured using an optical pyrometer. The molten alloy 718 was transferred to
the press in a graphite crucible, poured into the metal die, and squeezed.
Processing equipment and materials used to make the squeeze castings are listed in table 2.
Standard operating procedures used to make the squeeze castings are provided in table 3. Specific pro-
cessing parameters used to produce individual billets are shown in table 4. A typical "as-squeeze cast"
billet is shown in figure 3.
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Billets 2, 4, 5, 6, 9, and12werehomogenized,andthensolutiontreatedandaged(STA).Two
homogenizationtreatmentswereusedonbillets2, 4, 5, and6. HomogenizationtreatmentA consistedof
a10-h homogenization at 2,075 °F. Homogenization treatment B, used for homogenization of fine-grain
alloy 718 castings, consisted of a 36-h homogenization at 2,025 °F.
After homogenization, billet sections were solution heat treated in vacuum at 1,900 °F +25 °F for
2 h +15 min, then quickly argon cooled below 1,000 °F. Billet sections were aged at 1,400 °F +20 °F for
10 h#.15 min, furnace cooled to 1,200 °F +20 °F and held for 10 h +15 min, and quickly cooled by argon
quench to room temperature.
Chemical Composition Analyses
Bulk chemical compositions were determined for billets 1, 2, 4, 5, 6, 9, and 12 using inductively
coupled plasma (ICP) and LECO combustion analyses to verify chemistry.
Structural Characterizations
Macrostructural characterizations were performed on billets 1, 2, 4, 5, 6, 9, and 12 in the "as-
squeeze cast" condition. Before heat treatment, approximately 1-in-thick plates were removed in a radial
direction from each plate. Plate surfaces perpendicular to the radial direction were polished through
0.5-micron alumina and macroetched by Kallings etchant No. 2. Then macrostructural evaluations were
performed on these cross sections.
Microstructural characterizations were performed on billets 1, 4, 5, 6, and 12 in the "as-squeeze
cast" condition using test specimens from plates that had undergone macrostructural characterization.
Plate surfaces perpendicular to the radial direction were polished through 0.5-1am alumina, microetched
with Kallings etchant No. 2, and examined with light microscopy.
Microstructurai characterizations were performed on billets 2, 4, 5, 6, 9, and 12 after homoge-
nization and STA. Electron microprobe analyses were performed throughout cross sections of billet 12
in the "as-squeeze cast" and heat-treated conditions for phase identification purposes.
Mechanical Properties
Ultimate tensile strength, yield strength, percent elongation, and percent reduction in area were
determined in the longitudinal direction for billets 2, 4, 5, 6, 9, and 12 in the heat-treated condition.
Tensile specimens were taken from locations away from areas that contained hot cracking _ad
macroshrinkage effects. In billets 2 and 5, tensile specimens were extracted within 1.5 in from the outer
diameter surfaces, proceeding around their circumferences. In billets 4, 6, 9, and 12, tensile specimens
were taken throughout billet cross-sectional areas, proceeding around the circumference.
Tensile testing was conducted at room temperature, using a model 880 material test system
(MTS) with a 20-kip load frame, in accordance with American Society for Testing Materials (ASTM)




Fractured tensile specimens taken from billets 2, 4, 5, 6, and 9 were examined with a stereo-
microscope at magnifications from x 10 to x 35. A scanning electron microscope (SEM) was used to
perform fractography on fracture surfaces from billet 12.
RESULTS
Chemical Compositions
Chemical compositions for the AMS 5662E bar stock used for melting and for billets 1, 2, 4, 5,
6, 9, and 12 are shown in table 5.
"As-Squeeze" Cast Macrostructures
Macrostructures of billet 1, 2, 4, 5, 6, 9, and 12 cross sections representative of specific process-
ing parameters are shown in figures 5 through 11. The macrostructures were taken at x 2 to × 3 magnifi-
cation.
Billet 1 did not etch very well and did not reveal a very good macrostructure. This billet shows
significant areas of macroshrinkage within its interior (fig. 5). This billet was poured short (i.e., it was
shorter than the other billets).
Billet 2 contained regions of macroshrinkage in the center-to-lower sections, hot tears in the
center-to-upper-right-hand section, columnar grains along the top edge, and equiaxed grains of various
sizes throughout the rest of the cross section (fig. 6). Billet 2 contained curved inner diameter surfaces
caused by core erosion (see Discussion).
Billet 4 showed an indistinct macrostructure that contained small equiaxed grains (fig. 7). The
black linear features were thick and thin bands of Laves phase, which resulted from macrosegregation
during solidification. Brown stains on the macrograph were the result of etching porous regions of the
cross section.
Billet 5 showed an indistinct macrostructure, with a large region of macroshrinkage and some hot
tearing in the center interior (fig. 8). Fine equiaxed grains of various sizes comprised most of the cross
section, and curved inner diameter surfaces occurred.
Billet 6 showed an indistinct macrostructure that contained small equiaxed grains, along with a
small region of macroshrinkage in the interior (fig. 9). As in billet 4, Laves phase bands and etching
stains were seen.
Billet 9 showed a macrostructure similar to those seen in billets 4 and 6, including indistinct
areas of small equiaxed grains and Laves phase bands (fig. 10). Curved inner diameter surfaces also
occurred.
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Billet 12showedaclassiccastingmacrostructureincludingtheouterchill zone,the intermediate
columnarzone,andthecentralequiaxedzone(fig. 11).Thisbillet containedcurvedinnerdiametersur-
faces.However,no indicationsof shrinkageor porositywereseen,andsignificantstructuralrefinement
wasnotedin the lower left andright sections.
"As-Squeeze"Cast Mierostructures
Microstructures exhibited within various areas of "as-squeeze cast" billets 1, 4, 5, 6, and 12
representative of specific processing parameters are shown in figures 12 through 16. Microstructures
were taken from the previously macroetched billet cross sections.
Billet 1 showed an unusual microstructure for alloy 718 (fig. 12). Five distinct phases or features
can be seen within the microstructure: a matrix phase, a black phase, two lath plate-like phases (only
distinguishable visually by color), and a fine phase growing along crystallographic planes. This complex
microstructure is believed to be the result of slow cooling. The die system punch has a stop which allows
only limited squeezing action on the melt. As reported previously, billet 1 was poured short. Hence, it is
believed that the desired pressure was not achieved, slow cooling of the billet occurred, and the observed
microstructure resulted.
Billet 4 showed varying microstructures, depending upon location within the billet (fig. 13).
Section 4a showed typical dendritic microstructural features (with matrix and Laves phase) representa-
tive of "as-cast" alloy 718, as well as an atypical banded Laves phase. Section 4b showed a dendritic
structure without a Laves phase. Section 4c showed a semidendritic/semifine equiaxed grain structure
with minimal Laves phase. Section 4d showed a semidendritic structure with black linear features inter-
spersed throughout the area. Laves phase is contained within the interdendritic regions. It appeared that
the interdendritic regions and Laves phase were being suppressed (e.g., squeezed out) by the action of
pressure on the solidifying structure and that grain boundaries form at prior interdendritic regions. The
black linear features were etch effects due to segregation within the solidifying structure.
Billet 5, sections a to d, showed equiaxed grains of various sizes throughout the billet cross sec-
tion (fig. 14). The dark regions were again preferentially etched features, which reflect light poorly.
Billet 6 contained varying microstructures dependent upon location within the billet. Section 6a
contained typical dendritic features (with matrix and Laves phase) representative of phases existing in
conventionally cast alloy 718, as well as the banded Laves phase. Section 6b showed a dendritic struc-
ture with some black linear features indicating segregation and some faint grain boundaries/grains.
Sections 6c and 6d showed fine equiaxed grains, some banding of Laves phase, with residual dendritic
structural patterns and Laves phase banding.
Billet 12, sections a to c, showed typical dendritic microstructural features (with matrix arid
Laves phase) representative of phases existing in conventionally cast alloy 718 (fig. 16). Section 12d
showed fine equiaxed grains with some residual Laves phase and dendritic structural patterns. The
grains were approximately eight times smaller than grains from conventionally cast alloy 718.
Heat-Treated Microstructures
Microstructural characterization was performed on billets 2, 4, 5, 6, 9, and 12 after homogeniza-
tion and STA. Representative longitudinal sections were examined adjacent (e.g., within 1/2 in) to frac-
ture surfaces of mechanically tested tensile specimens.
Heat-treated specimens from billets 2, 4, 5, 6, and 9 had the same microstructural phases seen in
heat-treated conventional castings, including complete elimination of the "as-squeeze cast" dendritic
pattern (fig. 17). The microstructures contained matrix, niobium carbides (light phase), and a small
amount of titanium nitrides (square and triangular phases). However, various morphologies and particle
size distributions were seen throughout the niobium carbide and titanium nitride phases, and the phases
themselves were nonuniformly distributed throughout cross sections. Heat treatment did not have an
effect on macrostructural defects such as shrinkage and hot cracking, and they were not eliminated
within these billets.
Billet 12 had the best "as-squeeze cast" macrostructural and microstructural features, as well as
the best combination of mechanical properties after heat treating. Heat treated microstructures were typi-
cal of those for conventionally cast plus heat-treated alloy 718. The "as-squeeze cast" dendritic pattern
had been completely eliminated by the heat treatment. The microstructure contained the expected
matrix, niobium carbides (light phase), and a small amount of titanium nitrides (dark phase at x 1,000).
Optical and SEM microstructures characteristic of heat-treated tensile specimens are shown in figure 18.
Mechanical Properties
Mechanical properties for billet 12 are shown in table 6. Mechanical properties for billets 2, 4, 5,
6, and 9 are shown in the appendix (tables A1 to A5). Table headings indicate homogenization treat-
ments (A or B) received by each billet. Mechanically tested tensile specimens for billets 2, 4, 5, 6, and 9
are shown in the appendix (figs. A1 to A3).
Fractography
Fracture surfaces from mechanically tested tensile specimens representative of each billet are
shown in the appendix (figs. A4 to A6). For each tensile specimen from billets 2, 4, 5, 6, and 9, the
fracture surface was examined with a stereomicroscope at magnifications from × 8 to × 35. Observations
for each tensile specimen are noted in tables A1 to A5. SEM fractographs showing a typical fracture sur-
face from a billet 12 tensile specimen at × 100 and × 1,000 are shown in the appendix (fig. A6).
DISCUSSION
Macro and Microstructural Features
"As-squeeze cast" billets exhibited a wide range of macrostructural and microstructural features
which resulted from the solidification process. During casting, solidification occurs by the nucleation of
small grains which grow under the influence of the prevailing crystallographic and thermal conditions
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within asystem.Thesizeandcharacterof thesegrains(e.g.,equiaxed,columnar)arecontrolledby the
compositionof thealloy andby coolingrates.3-5
As acastingsolidifies,threemajorfactorsmustbeconsidered:growthof thesolid grains,heat
evolutionandtransfer,anddimensionalchanges(shrinkage),althoughmanyothervariablesalsoaffect
theprocess.3Themacroscopicstructureof anas-castingotdependson therateof nucleationandtherate
of heatremovalfrom thecasting.4
Columnargrainsin billets 2 and12formedasaresultof constitutionalsupercooling,acondition
in which theliquid just in front of a solidifyingfront is atatemperaturebelow its equilibriumliquidus
temperature(e.g.,the liquid is supercooled)."Constitutional"indicatesthatthesupercoolingarisesfrom
achangein composition,not temperature.Thisconditionpromotesthegrowthof solidperturbationsinto
the liquid in a directionoppositethatof heatflow andlaterally,aswell, resultingin a dendriticstruc-
ture.35
Equiaxedgrainsin billet 12andupper-centralportionsof billet 2 formedbecausethetemperature
in thecenterof thecastingdroppedlow enoughfor nucleationto occurbeforethecolumnargrainscould
reachit. Thesegrainsweremoreequiaxedin shape,dueto isotropicheatremovalfrom billet centers)4
Relativelyfine-grainedstructuresarepossibleby promotingconstitutionalsupercoolingin con-
junctionwith theuseof nucleatingagents(e.g.,inoculants)to promoteheterogeneousnucleationandthe
absenceof thermalgradients(e.g.,heatremovedisotropically)within thesolidifying liquid.3-5Addi-
tionally, pressurepulsesof sufficientintensityhavebeenshownto causeheterogeneousnucleationin
undercooledbillets,promotingformationof fine-grainedstructuresaswell.5 If cooling ratesresultin a
conditionin which theliquid atthesolidifyingfront is highly supercooled,thetemperaturedifferential
(deltaT) below theequilibrium liquidustemperaturemaybelow enoughto promoterandomnucleation
andtheformationof equiaxedgrains.5
Fine-equiaxedgrainsin billets4, 5, 6, and9 andthelowerportionsof billet 2probablyresulted
from constitutionalsupercoolingandsomecombinationof heterogeneousnucleation,fast isotropicheat




Macroshrinkage consists of isolated, clustered, or interconnected voids in a casting that are
detectable macroscopically. This condition is caused by insufficient feeding of liquid metal to compen-
sate for solidification shrinkage. 1 Macroshrinkage exhibited in billets 1, 2, 5, and 6 was probably c_msed
by insufficient pressure during squeezing to compensate for solidification shrinkage and/or from prema-
ture release of pressure during processing.
Segregation
Macrosegregation was exhibited in billets 1, 2, 4, 5, 6, and 9. Segregation is a casting defect
involving a concentration of alloying elements at specific regions. Macrosegregation refers to gross
differences in concentration from one area of a casting to another and is caused by the movement of
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liquid or solid within themushyzone,thechemicalcompositionof which is differentfrom themean
composition.Many driving forcesexist for this liquid orsolidmovement.15Themacrosegregationseen




Billets 2, 5, and 9 exhibited hot cracking, which may form in cast metal after solidification and
during cooling. 1 During billet processing, applied external pressure was quickly released and the cast-
ings began to cool. This condition promoted simultaneous expansion and contraction within the billets,
creating the internal stresses necessary to produce hot cracking. The elimination of hot cracking should
be possible by increasing the hold time of applied pressure on the castings.
Billet Inner Diameter Curved Surfaces
Billets 2, 5, 9, and 12 exhibited inner diameter curved surfaces, which resulted from a fracture of
the graphite core. Cores were shaped like an inverted tee, with a 90 ° comer that had no radius on the
fillet area between the core head and shank (fig. 2). These billet cores failed at the fillet area, resulting in
the curved inner diameter surfaces noted. The billets showed that the shank portion of the tee had an
opportunity to float up after fracture. Concurrently, the downward action of the punch limited the
amount of core lateral and upward movement. The cores probably failed during die filling as a result of
thermal shock acting on the sharp notch at the core fillet areas.
Processing Parameter/Structure Correlation
Squeeze-cast process variables include melt volume, pouring temperature, tooling temperatures
(e.g., die, punch, and core), tooling lubrication/thermal barrier coating, time delay during die closing and
pressure application, pressure level, and pressure duration.12 Optimization of these squeeze-cast pro-
cessing parameters is critical to the quality and reproducibility of squeeze-cast components, and they
must be optimized for each component geometry. Failure to do so can result in defects such as oxide
inclusions, porosity, extrusion segregation, blistering, underfill, cold laps, hot cracking or tearing,
sticking, case bonding, and extrusion bonding. 12
Process optimization was not the overriding goal of this investigation. The squeeze casting of
alloy 718 was investigated to determine the feasibility of squeeze casting superalloys, regimes of accept-
able processing parameters, and primary processing parameter/structure/mechanical property relaIion-
ships for the subject billet geometry.
During this investigation, the primary processing parameters that were varied were pressure level
and pressure duration. No experience base exists on the squeeze casting of superalloys. Appropriate
squeeze-cast processing parameters were not known prior to this investigation. Based on the squeeze
casting of stainless steel, it was expected that pressure levels greater than 20 ksi and time delays around
30 s were expected to produce acceptable castings.
Dueto programconstraints,the 10squeezecastingswereproducedin serieswithout anyinter-
mediatestructuralor mechanicalpropertyevaluation.Processingparameterswereselectedat the
beginningof theprogramanddid notchangeduringthework. As such,noprocessingparameteropti-
mizationwasconducted.
Processparameter/structure/mechanicalpropertytrendsresultingfrom thecombinationof pres-





Pressurelevelsfrom 42 to 60ksi wereused.Billets 2, 4, 5, 6, and9 squeezedwith highpres-
surelevelsfrom 42 to 51ksi showedrelativelypoorstructuresandmechanicalproperties.
Billet 12squeezedwith thehighestpressurelevelof 60ksi showedgoodstructureand
mechanicalproperties.Pressurelevel alonedoesnotappearto besufficientto obtainsound,
defect-freesqueezecastings.However,combinationsof pressurelevel (20 to 40ksi) andpres-
sureduration(60to 120s) shouldbetestedto verify thisexpectation.
Pressuredurationsfrom 5 to 90s wereused.With pressuredurationsof 35s or less,billets 2,
4, 5, 6, and9 showedrelativelypoorstructuresandmechanicalproperties.Billet 12,with a
pressuredurationof 90s, showedarelativelygoodstructureandmechanicalproperties.
Pressuredurationis expectedto play animportantrolein obtainingsound,defect-freesqueeze
castings.Castingnotheldunderpressurelongenoughis expectedto beproneto macroshrink-
age,hotcracking,andundesirablemicrostructuralfeatures.
Propercombinationsof pressurelevelpluspressuredurationarenecessaryto obtainsound,
defect-freesqueezecastingsof thesubjectbillet geometry.Basedon theresultsof this investigation,
pressuredurationsgreaterthan35s arerequired.It is uncertainwhetherlowerpressureandlongerpres-
suredurationcombinationswill producesoundcastings.Furtherwork is recommendedto investigatea
rangeof pressurelevelswith higherpressuredurations.
MechanicalProperties
Billet 12 shows the best overall combination of mechanical properties, with an ultimate tensile
strength greater than 80 percent of wrought alloy 718 bar. The mechanical properties did vary depending
upon location within the billet. The mechanical properties of wrought, squeeze-cast billet 12, and
conventionally cast alloy 718 are compared as a percentage of wrought properties in table 7. The percent
elongation for squeeze-cast billet 12 is shown to be lower than that for conventionally cast alloy 718,
based on property variation within the billet. Higher elongations are expected with squeeze-cast process
optimization.
The improved mechanical properties of billet 12 are attributed to its classical macrostructure, a
refined microstructure (e.g., smaller grain size than conventional castings), and reduced porosity within
the casting as a result of applied pressure during solidification. Mechanical properties were not as good
and were highly variable for billets 2, 4, 5, 6, and 9 (see the appendix). These billets showed property
variations attributed to a wide range of macrostructural and microstructural features in the "as-squeeze
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cast"condition (suchasshrinkage,segregation,hot tears,differentgrainsizes,andcolumnarand
equiaxedgrains).Optimizationof the process parameters should eliminate these defects and improve the
mechanical properties.
CONCLUSIONS
1. This investigation confirms the feasibility of squeeze casting of alloy 718, with promising
results.
(a) The squeeze-cast process can produce large castings of relatively simple shape with
refined microstructures free of macroshrinkage, hot tears, and macrosegregation, with
mechanical properties approaching those of wrought alloy 718 bar (e.g., yield and ulti-
mate tensile strength at 80 to 90 percent of that of the wrought alloy--billet 12).
(b) The improved properties appear to be the result of improvements in structure (attributed
to grain refinement and reduced porosity).
2. A wide variety of macrostructures and microstructures are produced, dependent upon the
squeeze-cast processing parameters.
3. Mechanical properties exhibited in these squeeze-cast alloy 718 billets were highly sensitive
to processing parameters. The best billet was obtained at high pressure (60 ksi) with a long holding time
(90 s).
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Table 2. System/equipment and materials.
• 1,000-ton press for squeeze casting
• Die system components






• Die spacer plate
• Die stand
• Die thermal barrier coating

















Table3. Standardproceduresfor squeezecastingalloy 718billets.
1. Coatdiewith thermalbarriercoating.
2. Setpressspeedandloadlevel.
3. Heatdie by inductionto 700 °F.




8. Transfermoltenalloy 718to graphitecrucible.






















































2,642 2, 500 2,100
2,850 2,500 2,000
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Table 5. Billet/raw material chemical compositions.
AMS 5562E Billet 12 Billet 9 Billet 6 Billet 5 Billet 4 Billet 2 Billet 1 Melt Stock


















































































































































































































































Table 7. Comparison of mechanical properties of wrought, billet 12, and conventionally cast
















1 (ASTM No. 5)
11 times larger "--
82 times larger
Notes:
1. Ftu = ultimate tensile strength
2. Fty = yield strength
3. Typical properties for AMS 5662E wrought bar; Ftu = 200 ksi, Fty = 160 ksi, %E = 12%.
4. Typical properties for AMS 5383 investment casting; Ftu = 125 ksi, Fty = 110 ksi, %E = 5%.
5. Expected minimum properties for critical grade castings; Ftu = 140 ksi, Fty = 120 ksi, %E = 6%.
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Figure 2. Die system components and materials.
Figure3. Typical squeeze-castbillet postprocessing.
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ALL. DIAMETERS CONCENTRIC WITHIN 0.005 TIR
ALL DIMENSIONS .IN INCHES
SLIGHT TAPER TO CENTER REOUIRED (0.002 MAX)
DO NOT UNDERCUT RADII
NOT TO SCALE, WORK TO DIMENSIONS GIVEN
UNSPECIFIED TOLERANCES _0.005 INCHES
Figure 4. Smooth tensile specimen configuration for mechanical property tests. ,..
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Magnification x 2.4 Etchant: Kallings reagent No. 2
Figure 5. As-squeeze cast macrostructure of billet 1.
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Magnification x 2.2 Etchant: Kallings reagentNo. 2









Magnification x 2.1 Etchant: Kallings reagent No. 2
Figure 7. As-squeeze cast macrostructure of billet 4.
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Magnification× 2.3 Etchant: Kallings reagentNo. 2
Figure8. As-squeezecastmacrostructureof billet 5.
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Magnification x 2.5 Etchant: KallingsreagentNo. 2
Figure9. As-squeezecastmacrostructureof billet 6.
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:!:
Magnification × 2.3 Etchant: Kallings reagent No. 2
Figure 10. As-squeeze cast macrostructure of billet 9.
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Magnification × 2.2 Etchant: Kallings reagent No. 2
Figure 11. As-squeeze cast macrostructure of billet 12.
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Figure 12. As-squeeze cast microstructures of billet 1.
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Figure 17. Microstructures characteristic of heat-treated specimens from billets 2, 4, 5, 6, and 9.
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This appendix contains tables of mechanical properties for billets 2, 4, 5, 6, and 9; figures of
mechanically tested billet tensile specimen groups, and fracture surfaces representative of billet tensile
specimens.
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TableA3. Mechanicalpropertiesfor billets5A and5B.
Billet 5A
LongitudinalTensileSpecimens
Specimen Specimen Ftu Fty Percent Percent
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Figure A1. Mechanically tested tensile specimen groups 2A, 2B, and 4A.
39
_i:!!i_iii!iiiiii!iiiiiiiiiiii!ii_i_i_i_iii!_!!!_!i!_i!i_!._.!:_.:!:_:_::_!!_!_:_:_i_:_:_!iii_!i:i_i_:ii_._ii_ii_i!`_i_:_:_::_zii:, ::z _::_ :::_ i, ::_: :.i- z::_:ili_:• ¸¸¸_ .....................
_:':i:i::::::::::;:::;:::;:::;::_:_:_:i:_,i:_:_i:: :::.!,_.: :i:_:!:Z:S::::::;;_;;i:i "/:_::,_._ i,_, • !, ,, ,. • • _ ',, •:::Z::,Z:_._:_:_:::::i.:..,,:_.I"Z::_.;;;i_;i_........_,".... "i:i:! _
_i!_i_!_i_i_i:i_i:i_i_ii:ili_i_i_i_i_i_i::_i_i_i_i_i_i_i_i_i_i:::_ • :i _!_ ..........





_ii_i_._..:i.::i:i_ ,.::i:i_i_:_i:_ I _
c_
:_ ................•............................._:_i _ _







_i!illi!!_: i_i_i!!_iii!!i_i_!i_i_i_i_!!iiiiii_!i!_ii!i!ii_i_ii!!iiiiiiiiiiii_iiii!ii_ii!_iiiiiii i!iiiiii!!i!i!!iiii!ili!i!i!i!!iiiiiiiii!i!iiiii!iiii!i __i__!!ii_ii_!_i!iii_iii!!ii!iiiiiiiii!iii__i!ii__!iiiii_!_ii_!!!!!!_ii_iii_iiiii_i_iiii_iiiii!iii!!i_iii__ii_iiiiii!ii
_Go 0.375X
Figure A3. Mechanically tested tensile specimen groups 6A, 6B, and 9A.
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Figure A4. Fracture surfaces representative of billet tensile specimens.
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Figure A6. SEM fractographs from billet 12 tensile test specimens.
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